SOFT-MODES
Abstract. 2014 Displacive phase transitions which do not change the size of the unit cell may be classified under two types depending on their order parameter : in the elastic transitions, this is the amplitude of an elastic strain ; it is the amplitude of a relative displacement of the atoms in an optic transition. In this last case, we prove that there always exists at least a whole plane of optical phonons, which are Raman inactive in the high temperature phase, and the frequency of which goes to zero at the transition temperature. These soft modes become Raman active in the low temperature phase. Should these phonons be Raman active in the high temperature phase, they would induce an elastic transition as shown by Miller and Axe : an elastic constant will pass through zero for a still finite frequency of the optical phonon. In the case of an elastic transition, if the Landau theory allows it to be second order, we show by group theory that there always exists at least one sound velocity which passes through zero at the critical temperature. We also prove that the optical or elastic soft mode never carries an electric field with it. Nevertheless the dielectric constant becomes infinite at the transition temperature, and at low temperature is polar, either if the optical soft mode is infrared active or if the elastic mode induces a piezoelectric strain. The damping effect associated with such transitions is not taken into account in this paper.
LE JOURNAL DE PHYSIQUE TOME 32, AOUT-SEPTEMBRE [3] theory of phase transition which we will need later on.
In as second order phase transition, the order parameter 11 can be taken as the amplitude of a physical quantity L. Landau [3] The phonons which propagate with a vector q are the solutions of (II.7) and the electric field associated with the atomic displacement is given by On the other hand, the elimination of q-Y(_L) between (II. 5) and (II.6) yields :
In order to obtain a simple expression for (II.12), it is convenient [5] [6] [7] (11. 18) , we obtain by a classical calculation [4] In this expression
[e] =-e"'I is a strain tensor, which is symmetrical with respect to its two indices.
[g] -g0152."I,PlJ has the symmetry of an elastic tensor, i. e. it is symmetric in a, y and in (ay), (Pô). =a = :"I,P has the symmetry of a Raman tensor i. e. it is invariant in the interchange of a with y.
[g] and 7 are linear combinations of, respectively, second and first derivatives of Gf/ (q) for q = 0, and their expressions can be found e. g. in [4] .
Let us write :
If we express the strain tensor 1] as a six component vector ei, and project the vector t on the eigenvectors of the matrix %(0), (11.20) As the amplitude of the electric field associated with a phonon is proportional to the left handside of (III.4) see (II.11), this field is equal to zero. Nevertheless, the low temperature phase may be polar as can be seen from the expression of the response of the system to an electromagnetic field of frequency m. One obtains it by taking the q = 0 limit of (II.12), co remaining finite, and this limit is [9] .
The poles of (III. 5) correspond to an infrared absorption, and this one exists when the corresponding yp,0153 are different from zero.
Thus, if an infrared active frequency goes to zero, at the critical temperature e:P (0) will become infinite, which means that the low temperature phase will be polar. This could be the case e. g. in baryum titanate [10] (1). On the contrary if this frequency is infrared inactive, as in the a quartz, fi quartz transition [11] , [12] (1), Éfl (0) has no singularity at the critical temperature and the low temperature phase is not polar.
All We have shown in Section IV. C that this result will be the consequence of two more general properties we need now to prove. We shall start by giving the demonstration for the shorted crystal and we shall extend it afterwards to the free crystal. where e' is then a special strain tensor, the symmetrized product of two vectors ; we shall say that such a deformation is a propagative one.
As ef' is a linear combination of the eigenvectors of b, (V. 2) shows that where bmin is the smallest eigenvalue of b. We shall now prove that if the eigenvectors associated with b m ,n may be used to define an order parameter, there exist at least two mutually perpendicular directions qo which are such that the equality sign is effectively obtained in (V. 4). This will be enough to show that the phonon ,u, qo is a soft mode associated with the elastic transition. Let Finally (IV. 6) shows that no electric field is associated with the acoustic soft mode of the free crystal as it fulfills (V. 10). That does not bear any relationship with the polar character of the low temperature phase. As has been seen in (IV. 11) , that phase will be ferroelectric when the strain év associated with br:in is in a ferroelectric representation, as is the case for K. D. P. [16] (2) for instance. [ 17] have shown how the temperature dependent quasiharmonic theory of phonons could lead to such an effect ; Gillis [18] and Conte [19] 
